Cytoplasmic protein aggregates are one of the pathological hallmarks of neurodegenerative disorders, including amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD). Several RNA-binding proteins have been identified as components of inclusion bodies. Developmentally regulated RNA-binding protein 1 (Drb1)/RNA-binding motif protein 45 is an RNA-binding protein that was recently described as a component in ALS-and FTLD-related inclusion bodies. However, the molecular mechanism underlying cytoplasmic Drb1 aggregation remains unclear. Here, using an in vitro cellular model, we demonstrated that Drb1 co-localizes with cytoplasmic aggregates mediated by TAR DNA-binding protein 43, a major component of ALS and FTLD-related inclusion bodies. We also defined the domains involved in the subcellular localization of Drb1 to clarify the role of Drb1 in the formation of cytoplasmic aggregates in ALS and FTLD. Drb1 predominantly localized in the nucleus via a classical nuclear localization signal in its carboxyl terminus and is a shuttling protein between the nucleus and cytoplasm. Furthermore, we identify a double leucine motif serving as a nuclear export signal. The Drb1 mutant, presenting mutations in both nuclear localization signal and nuclear export signal, is prone to aggregate in the cytoplasm. The mutant Drb1-induced cytoplasmic aggregates not only recruit TAR DNA-binding protein 43 but also decrease the mitochondrial membrane potential. Taken together, these results indicate that perturbation of Drb1 nuclearcytoplasmic trafficking induces toxic cytoplasmic aggregates, suggesting that mislocalization of Drb1 is involved in the cause of cytotoxicity in neuronal cells. . 2 The abbreviations used are: ALS, amyotrophic lateral sclerosis; FTLD, frontotemporal lobar degeneration; FUS/TLS, fused in sarcoma/translated in liposarcoma; RRM, RNA recognition motif; NLS, nuclear localization signal;
ALS, 2 one of the most devastating and untreatable neurodegenerative diseases, affects motor neurons selectively with relentless progression and causes respiratory failure within 2-5 years from onset. Although 5-10% of ALS cases are familial, ϳ90% of cases are sporadic with unknown etiology (1). In contrast, frontotemporal lobar degeneration (FTLD) is a group of neurodegenerative diseases that affect frontal and temporal cortices with characteristic cognitive defects such as personality and behavioral changes as well as progressive deterioration of language skills (2) . A subgroup of patients presents overlapped clinical characteristics of ALS and FTLD. Cytoplasmic inclusion bodies in neuronal cells are a common pathological hallmark in ALS and FTLD, implying that a common etiological pathway exists in ALS and FTLD pathogenesis (1, 3) . TAR DNA-binding protein 43 (TDP-43), an RNA-binding protein, was the first protein identified in cytoplasmic inclusion bodies in most sporadic ALS and several FTLD cases (4, 5) . Since then, other RNA-binding proteins, such as fused in sarcoma/translated in liposarcoma (FUS/TLS), and heterogeneous nuclear ribonucleoproteins were also identified as components of cytoplasmic inclusion bodies. Because disease-associated mutations in the TDP-43 or FUS/TLS gene were identified in several familial ALS and FTLD cases (6 -9) , TDP-43 and FUS/TLS are supposed to play a crucial role in ALS and FTLD pathogenesis.
Common features in TDP-43 pathology are its mislocalization from the nucleus to the cytoplasm, the formation of cytoplasmic aggregates, and protein modifications such as ubiquitination, phosphorylation, and truncation (4) . TDP-43 contains two RNA recognition motifs (RRMs) and plays important roles in RNA metabolism such as RNA processing, exporting, and stabilizing and translational regulation between the nucleus and cytoplasm (10) . Under normal conditions, TDP-43 predominantly localizes in the nucleus and rapidly shuttles between the nucleus and cytoplasm (11) . Nuclear-cytoplasmic trafficking is mediated by a nuclear localization signal (NLS) upstream of the first RRM and a nuclear export signal (NES) in the second RRM (11) . Either disease-linked or artificial mutations in TDP-43 NLS are known to induce protein redistribution in the cytoplasm of cultured cells (12) (13) (14) . In addition to mislocalization, protein misfolding is thought to be essential for the formation of cytoplasmic inclusion bodies (15) . Most muta-tions causing familial ALS are recognized in the glycine-rich domain, a prion-like domain at the carboxyl-terminal region of TDP-43 that mediates protein-protein interaction (16 -18) .
We previously identified developmentally regulated RNAbinding protein 1 (Drb1), also known as RNA-binding motif protein 45 (RBM45), and suggested its critical role in neural development (19) . The gene encoding Drb1 is highly conserved evolutionarily, and its ortholog exists in many species, including fruit fly, zebrafish, frog, chicken, mouse, and human. In the rat, Drb1 is highly expressed in the early embryonic brain, and its expression gradually tapers during the development. Drb1 contains three or four RRM-type RNA-binding domains and is suggested to bind to the GACGAC motif in a large analysis of the sequence specificity of RNA-binding proteins (20) . Drb1 was recently identified as a protein that is statistically elevated in the cerebrospinal fluid of patients with sporadic and familial ALS. Additionally, cytoplasmic co-aggregation of Drb1 with TDP-43 was observed in patients with ALS and FTLD (21, 22) . Using a yeast two-hybrid system, it was determined that the carboxyl-terminal region of TDP-43 interacts with Drb1 (23) . Drb1 is also redistributed from the nucleus to the cytoplasm by oxidative stresses such as H 2 O 2 and paraquat and modulates the antioxidant response via cytoplasmic interaction with Kelch-like ECH-associated protein 1 (KEAP1), an inhibitor of the antioxidant response transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) (24) . Despite these findings in relation to ALS pathology, the mechanism underlying the formation of Drb1 cytoplasmic aggregation remains unclear.
In this study, to unveil the role of Drb1 in ALS/FTLD pathology, we investigated the molecular mechanism of co-localization of Drb1 with TDP-43 in cytoplasmic aggregates in a cellular model. First, we elucidated the subcellular localization of Drb1 and identified its NLS and NES. We then evaluated Drb1 subcellular distribution when its NLS and/or NES were abrogated. Surprisingly, mutations in both NLS and NES but not in a single domain of Drb1 tended to induce TDP-43-positive cytoplasmic aggregates with cytotoxicity. Our findings indicate that a novel mechanism related to Drb1 subcellular localization causes neuronal toxicity.
Experimental Procedures
Plasmid Construction-The plasmids used in this study were produced in the pcDNA3 (Invitrogen), pEF-Bos-T7 (25), pEGFP (Clontech, Tokyo, Japan), and pGEX-6p-1 (GE Healthcare) vectors, and each was fused with EGFP, Clover (Addgene plasmid 40259), a T7 tag, a myc tag, or GST at the N terminus and with mRuby2 (Addgene plasmid 40260) at the C terminus. EGFP, Clover, and mRuby2 were engineered from GFP and red fluorescent protein, respectively (26) . To produce the construct for T7-tag-Drb1-WT, full-length Drb1 cDNA, amino acids 2-474, was amplified by PCR using a pair of primers (Drb-BamF, 5Ј-ATGGATCCTGGACGAAGCTGGCAGCTC-3Ј (forward) and Drb-BamR, 5Ј-ATGGATCCTCAGTAAGTTCTT-TGCCGTTTG-3Ј (reverse); underlined text represents BamHI sites) from a HeLa cDNA library and inserted into the BamHI site of the pEF-Bos-T7 vector. pcDNA3-Clover-T7-tag-Drb1-WT was generated by PCR using pEF-Bos-T7-tag-Drb1-WT as a template with a pair of primers (T7-XbaF, 5Ј-AGGTCTAG-AATGGCCAGCATGACTGGTGG-3Ј (forward) and T7-XbaR, 5Ј-AAATCTAGAGGTGGGGACCCTCACTCTAG-3Ј (reverse); underlined text represents XbaI sites), and the amplified fragment was inserted into the XbaI site of pcDNA3-Clover. A deletion mutant of Clover-T7-tag-Drb1-2-400 was generated by PCR using pcDNA3-Clover-T7-tag-Drb1-WT as a template with a pair of primers (T7-XbaF (forward) and 5Ј-CGGTCTA-GACTAAGGATGAGGATTAAACACAATA-3Ј (reverse); the underline represents the XbaI site) to insert the mutated cDNA into the XbaI site of pcDNA3-Clover. The other deletion mutants of Clover-T7-tag-Drb1-, 401-474, 2-300, 301-474, and 301-400 were generated by the following two-step subcloning. First, the deletion mutants of pEF-Bos-T7-Drb1 were generated by PCR using pcDNA3-Clover-T7-tag-Drb1-WT as a template with the following primer pairs to insert the mutated cDNA into the BamHI site of pEF-Bos-T7: 401-474, 5Ј-CGA-GGATCCCTTTACCTTTAGACGTATTAGA-3Ј (forward) and Drb-BamR (reverse); 2-300, Drb-BamF (forward) and 5Ј-ATGGATCCTCATGCATAAATAGCTGATGC-3Ј (reverse); 301-474, 5Ј-GCAGGATCCAAAAATACAAATTACATGG-ATT-3Ј (forward) and Drb-BamR (reverse); and 301-400, 5Ј-GCAGGATCCAAAAATACAAATTACATGGATT-3Ј (forward) and 5Ј-CGGGGATCCTAAGGATGAGGATTAAACA-CAATA-3Ј (reverse); the underlines represent BamHI sites. Then each of the deletion mutants of pcDNA3-Clover-T7tag-Drb1 was generated by PCR using each of the deletion mutants of pEF-Bos-T7-Drb1 as a template with the pair of primers T7-XbaF and T7-XbaR to insert each of the mutated cDNA into the XbaI site of the pcDNA3-Clover construct. To create the substitution mutants of Clover-T7-tag-Drb1, including mtNLSc1 (K454A and R456A) and mtLL (LL329,330AA), the overlap extension PCR method (27) was performed using pcDNA3-Clover-T7-tag-Drb1-WT and its deletion mutants as templates with the following two sets of primers: For mtNLSc1, first, T7-XbaF (forward) and 5Ј-CTGCCAGCATAACTGCA-AGTGCCACCCCATTCAGAATCTTTC-3Ј (reverse) and second, 5Ј-CTGAATGGGGTGGCACTTGCAGTTATGCTGG-CAGATTCGCC-3Ј (forward) and T7-XbaR (reverse) and for mtLL; first, T7-XbaF (forward) and 5Ј-TGCCATTTTTCTAG-CGGCATCTGTTGCATTACTTCCATC-3Ј (reverse) and second, 5Ј-TAATGCAACAGATGCCGCTAGAAAAATGG-CAACAC-3Ј (forward) and T7-XbaR (reverse), where boldface letters represent mutation sites. Substitution mutations of mtNLSc2 (K469A, R470A, and R472A) and R470G were generated by single PCR with the following primer pairs (mtNLSc2, 5Ј-TAGGGATCCTCAGTAAGTTGCTTGCGCTGCGTTA-GATTCTTCTCTTGGCG-3Ј (forward) and Drb-BamR (reverse); R470G, 5Ј-AAGGATCCTCAGTAAGTTCTTTGCCC-TTTGTTAGATTCTTCTC-3Ј (forward) and Drb-BamR (reverse); underlined text represents BamHI sites and boldface letters indicate mutation sites) to insert the mutated cDNA into pEF-Bos-T7 constructs. Then each of the substitution mutants of pcDNA3-Clover-T7-tag-Drb1 was generated from each of the substitution mutants of pEF-Bos-T7-tag-Drb1 with the same method as the deletion mutants of pcDNA3-Clover-T7-tag-Drb1. The mtNLSc1ϩc2 construct was generated by additional NLSc1 mutagenesis for the NLSc2 construct. To generate pGEX-6p-1-Drb1-WT, the Drb1-WT cDNA fragment was amplified from pEF-Bos-T7-tag-Drb1-WT using a set of primers (5Ј-CGGGATCCGACGAAGCTGGCAGCTCTGCGAG-C-3Ј (forward) and 5Ј-CCGCTCGAGTCAGTAAGTTCTTT-GCCGTTTGTTAGA-3Ј (reverse); underlined text represents BamHI and XhoI sites, respectively). The amplified fragment was inserted into the BamHI/XhoI site of pGEX-6p-1. The pcDNA3-TDP-43 and pEGFP-TDP-43 expression plasmids and its mutants were provided by Dr. T. Nonaka (described in Ref. 12 ). pcDNA3-TDP-43-WT-mRuby2 was generated by PCR using pcDNA3-TDP-43 as a template with a pair of primers (5Ј-TAAGGATCCGTCTGAATATATTCGGGTAAC-3Ј (forward) and 5Ј-ATCGGATCCATTCCCCAGCCAGAA-GAC-3Ј (reverse); underlined text indicates BamHI sites) to insert the TDP-43 fragments into the BamHI site of pcDNA3-mRuby2. pcDNA3-Clover-Myc-tag-NPc-NLS was generated by PCR using pcDNA3-Myc-tag-NPc-NLS-REV-NES (a gift from Dr. T. Fujiwara (28)) as a template with a pair of primers (5Ј-AAG-TCTAGAATGGGAGAGCAGAAACTGATC-3Ј
(forward) and 5Ј-CACTCTAGATCACACTTTGCGTTTCTTTTTTG-G-3Ј (reverse); underlined text indicates XbaI sites) to insert the mutated cDNA into the XbaI site of pcDNA3-Clover. All constructs were confirmed by DNA sequencing.
Cell Culture and Transfection-HeLa cells and NIH3T3 cells were cultured in high-glucose DMEM (Wako, Tokyo, Japan) supplemented with 10% (v/v) fetal bovine serum (Japan Bio Serum) and 1% (v/v) penicillin/streptomycin (Invitrogen) in 5% CO 2 at 37°C. SH-SY5Y cells were cultured in DMEM supplemented with 15% (v/v) FBS and 1% (w/v) penicillin/ streptomycin. HeLa cells and SH-SY5Y cells were transfected using Lipofectamine 2000 (Invitrogen) according to the instructions of the manufacturer. Cells were transfected for 24 h unless otherwise indicated. For stable transfection of HeLa or SH-SY5Y cells, pcDNA3-Clover-T7-Drb1 or pcDNA3-Clover-NPc-NLS was co-transfected with pBluescriptII-SKϩ to adjust DNA amounts. The transfected cells were typically split 1:10 into selection medium 2 days post-transfection. Geneticin (Gibco) was added to the medium at a final concentration of 500 g/ml for the selection and the maintenance of stably expressing cells.
Immunofluorescence Imaging Analysis-Cells cultured in poly-L-lysine-coated 35-mm glass bottom dishes (Matsunami Glass, Osaka, Japan) were fixed with 4% (w/v) paraformaldehyde at room temperature for 15 min, followed by permeabilization with ice-cold 100% methanol for 10 min, and then washed with PBS three times at room temperature. Hoechst 33258 (1:2000, Dojindo, Tokyo, Japan) was used for nuclear staining. For immunofluorescence staining, fixed cells were treated with blocking solution (PBS with 5% (v/v) horse serum (Sigma) and 0.02% (w/v) sodium azide) for 45 min at room temperature and then incubated with the primary antibody diluted in PBS at 4°C overnight. After three washes with PBS, the cells were incubated at room temperature for 2 h with the secondary antibody in blocking solution and then washed three times with PBS. Fluorescence images were obtained using a confocal laser-scanning microscope (TCS-SP5, Leica, Tokyo, Japan) and processed using ImageJ (National Institutes of Health, Bethesda, MD).
Co-immunoprecipitation-Cells were washed once with icecold PBS and lysed in immunoprecipitation (IP) buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% (v/v) Nonidet P-40, protease inhibitor mixture (Nacalai, Kyoto, Japan), phosphatase inhibitor mixture (Sigma), and Benzonase nuclease (Novagen, Madison, WI)). The lysates were sheared by passing through 22-and 27-gauge needles five times and incubated at 4°C for 30 min. Cell debris was removed by centrifugation at 20,400 ϫ g for 20 min at 4°C. The supernatant was incubated with the antibody overnight at 4°C, followed by incubation with protein A or G magnetic beads (Invitrogen) pretreated with PBS with 5% (w/v) skim milk. After washing the beads with IP buffer three times, the beads were boiled with 2 ϫ sample buffer containing 10% (v/v) ␤-mercaptoethanol for 5 min at 90°C. The extracted proteins were separated on 12% (w/v) SDS-polyacrylamidegelandtransferredtoapolyvinylidenefluoride membrane (Millipore, Tokyo, Japan) using a semidry blotting apparatus. The membranes were analyzed by immunoblot assay using a rabbit anti-GFP antibody (1:3000, TP401, Torrey Pines Biolabs, San Diego, CA), a mouse anti-T7 antibody (1:5000, 69522-3, Novagen), a goat anti-T7 antibody (1:1000, NB600-371, Novus Biologicals, Littleton, CO), or a mouse anti-TDP-43 antibody (1:10,000, H00023435-M01, 2E2-D3 clone, raised for the 1-260 amino acids of human TDP-43, Abnova, Taipei, Taiwan). Horseradish peroxidase-conjugated (antirabbit, NA9340V, and anti-mouse, NA931V, GE Healthcare) secondary antibodies were used. Positive bands on the blots were visualized using ECL chemiluminescence reagent (GE Healthcare).
GST Pulldown Assay- 35 S-labeled TDP-43 (predicted size, 43 kDa) was generated by in vitro translation using the TNT T7 Quick for PCR DNA-coupled transcription/translation system (Promega, Tokyo, Japan) as described in the instructions of the manufacturer. Template DNA was generated from the pcDNA3-TDP-43 plasmid by PCR using a set of primers (forward, 5Ј-GGCAGTACATCTACGTATTAGTCATCGC-3Ј; reverse, 5Ј-ATCGCAGTGATTCCTAGTCGACTGAGTCATCTACAT-TCCCCAGCCAGAAG-3Ј). One hundred ng of the template was used for the standard 50-l reaction in the presence of 20 Ci of EasyTag L-[ 35 S]methionine (PerkinElmer Japan Co., Ltd., Kanagawa, Japan). The reaction was incubated for 60 min at 30°C, followed by Benzonase nuclease treatment for 20 min. Recombinant GST-fused Drb1 (predicted size, 79 kDa) and GST alone were produced in C41(DE3) (Lucigen) and XL-2 bacterial cells, respectively, and purified using glutathione-Sepharose 4B beads (GE Healthcare) after treatment with Benzonase nuclease. GST recombinant protein (ϳ5 g) was rebound to glutathione beads in 200 l of buffer D (20 mM HEPES-KOH (pH 8.0), 100 mM KCl, 5% (v/v) glycerol, 0.2 mM EDTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and protease inhibitor mixture (Nacalai)). After combination with 10 l of 35 S-labeled TDP-43, the reaction was incubated for 1 h at 4°C with rotation. Glutathione beads were washed six times with buffer D. Pulldown proteins were eluted in 2ϫ sample buffer containing 100 mM DTT by boiling at 80°C for 3.5 min. The eluted proteins were subjected to 12% (w/v) SDS-polyacrylamide gel electrophoresis and visualized by staining using EZblue gel stain reagent (Sigma). After gel-drying and exposure to the imaging plate (Fujifilm, Tokyo, Japan), 35 S-labeled protein was detected by a Typhoon 9410 scanner (GE Healthcare).
Heterokaryon Assay-Interspecies heterokaryon assays were performed as described previously (29) using hemagglutinating virus of Japan envelope, an inactivated Sendai virus extract (Ishihara Sangyo Co., Tokyo, Japan). Murine NIH3T3 cells plated in poly-L-lysine-coated 35-mm glass bottom dishes and Clover-fused protein stably expressing human HeLa or SH-SY5Y cells were pretreated with 50 g/ml cycloheximide (CHX) to inhibit protein synthesis for 4 h at 37°C. After an additional 30 min-treatment with 100 g/ml CHX, HeLa or SH-SY5Y cells (2 ϫ 10 5 cells) were collected in tubes, mixed with 4 l hemagglutinating virus of Japan envelope and 25 l PBS and placed on ice for 5 min. After addition of 200 l PBS, the human cell suspension with hemagglutinating virus of Japan envelope was plated on the PBS-rinsed NIH3T3 cell dishes. The cell mixture was incubated for 20 min at 37°C, and then fresh medium containing 50 g/ml CHX was added to the dish. After 2 h of incubation, the cells were fixed as described above and stained with Hoechst 33258 to verify the murine or human nuclei. Phalloidin (Life Technologies), staining actin filaments, was used to verify cell fusion. The cells were observed with a confocal laser-scanning microscope (Leica) and images were captured using LAS AF software. The regions of murine nuclei and cytoplasm in each heterokaryon cell were set using the drawing tool, and the average Clover intensity values of each region were measured with LAS AF software. The average intensity values of each murine nucleus were then corrected with those of the cytoplasm in the same heterokaryon cell and plotted on a box plot graph. The cutoff value to classify cells with shuttling of Drb1 or cells without shuttling was defined as the maximum value of the negative control protein, and the percentages of shuttling cells in non-neuronal or neuronal cells were evaluated.
Mitochondrial Membrane Potential Assay-Mitochondrial membrane potential (⌬ m ) was evaluated using tetramethylrhodamine ethyl ester (TMRE, Life Technologies) according to the instructions of the manufacturer. HeLa cells overexpressing Clover or Clover-Drb1 fusion protein (WT, R470G, or mtLL/ R470G) were plated in poly-L-lysine-coated 35-mm glass bottom dishes, and the following assay was performed. At 24 h post-transfection, cells were treated with 100 ng/ml TMRE in culture medium containing 1 g/ml Hoechst 33342 (Dojindo) for 20 min and rinsed twice with PBS. After filling the dish with prewarmed phenol red-free Opti-MEM, cells were observed by using a confocal laser-scanning microscope (Leica), and the images were captured with LAS AF software. To quantify ⌬ m , the same treatment was performed for cells plated in 24-well dishes (Sumitomo Bakelite, Tokyo, Japan), and the images were captured by IN Cell Analyzer 1000 (GE Healthcare). All Clover-expressing cells were selected to evaluate ⌬ m values using IN Cell Developer Toolbox software (GE Healthcare). Cells expressing Clover-Drb1-mtLL/R470G were classified into two groups: cells with cytoplasmic aggregates and cells without cytoplasmic aggregates. Average ⌬ m intensity values per unit area of each cell were measured, and the box plot graph was drawn. More than 250 cells were counted in each group.
Statistical Analysis-Drawing of box plot graphs and Fisher's exact test, Mann-Whitney U test, Kruskal-Wallis rank-sum test, and Steel-Dwass test were performed using Easy R statistical software v. 1.29 (30) . In box plot graphs, the bottom of each box was the 25th percentile (Q 1 ), the top of each box was the 75th percentile (Q 3 ), and the line in the middle was the median value. Interquartile range (IQR ϭ Q 1 Ϫ Q 3 ) is shown as a box. The top and bottom whiskers are defined as 1.5 ϫ IQR ϩ Q 3 or 1.5 ϫ IQR Ϫ Q 1 . The outliers from the whiskers are depicted as dots.
Results
Drb1 Co-localizes with TDP-43 Mutant-induced Cytoplasmic Aggregates-To elucidate the mechanism underlying the co-localization of Drb1 into TDP-43-positive cytoplasmic inclusions in ALS pathology, we established a cellular model of HeLa cells to form disease-like cytoplasmic aggregates using EGFP-fused TDP-43 ( Fig. 1A ). An artificial deletion mutant of TDP-43, TDP-mt, forms cytoplasmic aggregates in human neuroblastoma SH-SY5Y cells possessing similar biochemical features as those of ALS motor neurons (12) . EGFP-TDP-43-WT dominantly localized in the nucleus of HeLa cells, whereas EGFP-TDP-mt localized in both the nucleus and cytoplasm with some cytoplasmic aggregates ( Fig. 1B , a-f), similar to those in SH-SY5Y cells (12) . In HeLa cells, T7-tagged Drb1 (Fig. 1A) dominantly localized in the nucleus with no cytoplasmic aggregates ( Fig. 1B, g-i) . When cells were co-transfected with T7-Drb1-WT and EGFP-TDP-mt, T7-Drb1-WT co-localized with TDP-mt-induced cytoplasmic aggregates and presented a partial nucleoplasmic co-localization ( Fig. 1B, j-l) . To confirm the ability of Drb1 to associate with TDP-43 in HeLa cells, co-immunoprecipitation experiments were performed using nuclease-treated whole lysates extracted from cells transiently expressing T7-Drb1-WT co-transfected with EGFP, EGFP-TDP-43-WT, or EGFP-TDP-mt. Immunoprecipitation with rabbit polyclonal anti-GFP antibody showed that both EGFP-TDP-43-WT and -mt could precipitate T7-Drb1-WT whereas lysates expressing only EGFP as a control did not (Fig.  1C) . Conversely, immunoprecipitation with an anti-T7 mAb revealed that T7-Drb1-WT co-precipitated with either EGFP-TDP-43-WT or EGFP-TDP-mt (data not shown). To clarify whether Drb1 binds TDP-43 directly, a GST pulldown assay was performed using radiolabeled TDP-43 protein and bacterially expressed and purified GST-Drb1 fusion protein, both of which were prepared by nuclease treatment. Fig. 1D shows that GST-Drb1, but not GST, pulled down radiolabeled TDP-43, demonstrating that Drb1 binds to TDP-43 directly. These results suggest that Drb1 can be recruited to TDP-43 mutantinduced cytoplasmic aggregates through direct protein-protein interaction.
Drb1 Contains a Classical NLS in Its Carboxyl Terminus-To investigate the elements involved in the subcellular localization of Drb1, we transiently transfected HeLa cells with a plasmid encoding the wild-type or the deletion mutant of Drb1 fused to modified GFP, termed Clover (Ref. 26 and Fig. 2A ). Wild-type Drb1 clearly showed nucleoplasmic localization (Fig. 2B, a-c) .
This localization was consistent with that of endogenous Drb1 protein reported previously in human neuronal cells (22, 24) or T7-tagged Drb1 (Fig. 1B) . The C-terminal deletion mutant (2-400) localized exclusively in the cytoplasm (Fig. 2B, d-f) , whereas the N-terminal deletion mutant (401-474) predominantly localized in the nucleoplasm (Fig. 2B, g-i) . This indicates that the C-terminal region (401-474 amino acids) of Drb1 is necessary and sufficient for its nucleoplasmic localization. To study the mechanism involved in Drb1 nuclear localization, we identified the NLS in Drb1 using cNLS Mapper, an online program predicting classical NLS sequences (31) . In agreement with our result, the program predicted a bipartite-type NLS in the C terminus of Drb1, which is well conserved from Drosophila to mammals (supplemental Fig. S1 ). Site-directed mutagen-esis was performed to verify the predicted bipartite-type NLS (Fig. 2C) . Each mutant was fused to Clover and tested for protein localization in HeLa cells. When both upstream and downstream clusters of basic residues in the predicted bipartite-type NLS were substituted with alanine residues, termed mtNLSc1ϩc2, this Drb1 mutant localized exclusively to the cytoplasm as expected (Fig. 2D, d-f ). The substitution of the upstream cluster (mtNLSc1) presented the nucleoplasmic localization pattern as that of the wild type ( Fig. 2D , g-i, compared with the wild type, Fig. 2D, a-c) . The substitution of the downstream cluster (mtNLSc2) changed its localization exclusively to the cytoplasm (Fig. 2D, j-l) . Interestingly, a single basic amino acid substitution in NLSc2 to a glycine residue (R470G) resulted in exclusive cytoplasmic localization (Fig. 2D, m-o) . These results indicate that Drb1 NLS is present in the C terminus, probably as a monopartite but not as a bipartite NLS.
Drb1 Is a Nuclear-Cytoplasmic Shuttling Protein-TDP-43 and FUS/TLS, RNA-binding proteins related to ALS and FTLD, have been shown to shuttle between the nucleus and cytoplasm to function in RNA metabolism in both compartments under normal conditions (11, 32) . Drb1 movement in and out of the nucleus has not been determined. To evaluate Drb1 nuclearcytoplasmic shuttling, we established interspecies heterokaryon assays, commonly used to the study of RNA-binding protein transport. We established HeLa cells stably expressing Clover-fused non-shuttling protein (Clover-NPc-NLS) (29) or Clover-fused wild-type Drb1 (Clover-Drb1-WT, Fig. 3A ). When HeLa cells stably expressing Clover-NPc-NLS were fused with NIH3T3 cells under translational inhibitor (CHX) treatment, the fluorescent signal of Clover-NPc-NLS was not observed in the NIH3T3 nucleus in heterokaryon cells (Fig. 3B,  left panel) , indicating that Clover-NPc-NLS has no shuttling ability. On the other hand, when HeLa cells stably expressing Clover-Drb1-WT were used, the fluorescent signal was clearly observed in the NIH3T3 nucleus in heterokaryon cells ( Fig. 3, B,  right panel, and C) . Furthermore, when a human neuroblastoma cell line (SH-SY5Y cells) stably expressing Clover-Drb1-WT was used, Drb1 shuttling ability could be detected. No statistical difference was observed (p ϭ 0.0573, Fisher's exact test) between non-neuronal HeLa cells and neuronal SH-SY5Y cells in term of shuttling efficiency (Fig. 3D) . These results indicate that Drb1 is a nuclear-cytoplasmic shuttling protein whose shuttling activity functions in neuronal as well as non-neuronal cells. 
A Double Leucine within the Drb1 Linker Region Is Necessary for Nuclear Export-Because
Drb1 is a nuclear-cytoplasmic shuttling protein, it should contain an NES in addition to the NLS present at the C terminus. To investigate this issue, additional Drb1 deletion mutants (Fig. 4A) were tested. Clover was expressed in HeLa cells localized in both the nucleus and cytoplasm with almost equal signal intensity (Fig. 4B, a-c) . Cloverfused wild-type Drb1 predominantly localized to the nucleus (Fig. 4B, d-f) , and the Drb1 carboxyl-terminal deletion mutant (2-400) exclusively localized to the cytoplasm because of the loss of Drb1 NLS (Fig. 4B, g-i, see also Fig. 2B ). An additional C-terminal deletion mutant (2-300) equally localized to both the cytoplasm and nucleus (Fig. 4B, j-l) , similar to Clover, suggesting that Drb1 NES is present within the 301-400 amino acid region. The amino-terminal deletion mutant (301-474) showed nuclear localization because of the C-terminal NLS, like wildtype Drb1 (Fig. 4B, m-o) . The linker region (301-400), a dele-tion mutant lacking both N-terminal and C-terminal regions, exhibited high fluorescence intensity in the cytoplasm, although a weak nuclear fluorescence signal was observed, probably because of the free diffusion of the Clover-fused proteins (Fig. 4B, p-r) . These results indicate that the 301-400 linker region between RRM2 and RRM3 functions as an NES. The canonical NES sequence is known as a leucine-rich sequence (33) . Drb1 does not contain a typical leucine-rich sequence in the 301-400 amino acid region, but we noted that Drb1 presents a double leucine in this region. To evaluate the significance of the double leucine as an NES, we substituted the leucine with an alanine in the Drb1 301-400 deletion mutant (301-400-mtLL). Substitution of the double leucine resulted in equal distribution of the Drb1 mutant protein in the nucleus and cytoplasm (Fig. 4B, s-u) . This result suggests that the double leucine within the Drb1 linker region is necessary for NES activity. U test) . D, the heterokaryon assay was performed using human neuroblastoma SH-SY5Y cells stably expressing Clover-Drb1 as in A. A representative example of the subcellular distribution of Clover-Drb1 is shown (left panel). Using the results obtained in C, the threshold value was configured as the maximum value of the negative control to classify the cells as cells with shuttling of Drb1 or as cells without shuttling. According to this threshold, the nuclearcytoplasmic shuttling efficiency of Drb1 showed no difference between neuronal SH-SY5Y cells and non-neuronal HeLa cells. p ϭ 0.0573 (Fisher's exact test). The percentage of heterokaryon cells (NIH3T3 nucleus with HeLa or SH-SY5Y nucleus) indicates Drb1 shuttling. N.S., not significant. Scale bar, 10 m.
Disruption of the Nuclear-Cytoplasmic Trafficking of Drb1
Induces the Formation of Cytoplasmic Aggregates-The disruption of nuclear-cytoplasmic transport in many proteins, i.e. mislocalization of proteins, is associated with the production of affected neurons in neurodegenerative diseases (34 -37) . In these neurons, protein aggregates formed by mislocalized proteins are observed in the cytoplasm. We tested whether disruption of the nuclear-cytoplasmic shuttling of Drb1 generated cytoplasmic aggregates of Drb1 in HeLa cells transiently expressing Clover-fused wild-type or NLS and/or NES mutants of Drb1. When each of the wild-type, NLS (R470G), or NES (mtLL) mutant Drb1 was expressed in HeLa cells, cytoplasmic aggregates were not observed even though the NLS mutant showed mislocalization from the nucleus to the cytoplasm (see Fig. 2D for the wild-type and NLS mutant and supplemental Fig. S2 for mtLL) . Interestingly, the introduction of a double mutation in both Drb1 NLS and NES (mtLL/R470G, Fig. 5A ) resulted in the induction of cytoplasmic aggregates in about 20 -30% of transfected cells at 24 h post-transfection (Fig. 5, B  and C) . Notably, endogenous or mRuby-fused TDP-43 was colocalized with the cytoplasmic Drb1 aggregates (Fig. 5D ). In agreement with these observation, both overexpressed and endogenous TDP-43 were co-immunoprecipitated with wild-type Drb1 and the double mutant, mtLL/R470G, even under nuclease treatment conditions ( Fig. 5E and supplemental Fig. S3B ). These results suggest that Drb1-based cytoplasmic aggregation can recruit TDP-43 to the aggregates via protein-protein interaction.
Cytoplasmic Drb1 Aggregation Induces a Reduction of Mitochondrial Membrane Potential-To evaluate the effect of cytoplasmic Drb1 aggregation on cell function, ⌬ m was assessed by measurement of TMRE fluorescence. In several cellular models of neurodegenerative diseases, including ALS, a decrease in mitochondrial membrane potential is observed in the preapoptotic state (38) . TMRE fluorescence was detected 24 h after HeLa cells were transfected with Clover-fused wild-type Drb1 or the mutant-expressing plasmids, and the fluorescence intensity was measured. Neither wild-type nor R470G Drb1 expression influenced the mitochondrial membrane potential as the Clover expression control (Fig. 6, A, a-d, and B) . In cells expressing the double Drb1 mutant (mtLL/R470G), a significant reduction of mitochondrial membrane potential was observed only in cells with cytoplasmic Drb1 aggregates (Fig. 6,  A, e-f, and B) . These results indicate that the reduction of mito- chondrial membrane potential is not due to the effect of overexpression or just cytoplasmic mislocalization of Drb1 but to the formation of cytoplasmic Drb1 aggregates. Furthermore, we tested the effect of the TDP-43 mutant on mitochondrial membrane potential. Cells expressing EGFP-TDP-mt with cytoplasmic TDP-43 aggregates slightly reduced the mitochondrial membrane potential, although a significant difference was not observed (supplemental Fig. S4 ). When EGFP-TDP-43-M337V, an ALS-related mutant (6) , was overexpressed in HeLa cells, we observed a significant reduction of the mitochondrial membrane potential. However, we could not find any cytoplasmic aggregates in the cells. EGFP-TDP-43-M337V was localized to the nucleoplasm in these cells, similar to EGFP-TDP-43-WT (data not shown). This suggests that the reduction of mitochondrial membrane potential by this TDP-43 mutant occurs via mechanisms distinct from those observed with the Drb1 mutant.
Discussion
Several RNA-binding proteins are known to play crucial roles in forming cytoplasmic aggregates in ALS/FTLD pathology. Drb1 is an RNA-binding protein that was recently reported as a novel component of TDP-43-positive cytoplasmic inclusion bodies in patients with ALS and FTLD (21, 22) . In this study, we disclose a role of Drb1 in forming cytoplasmic aggregates relating to the process of neuronal cytotoxicity. First, we verified the co-localization and mutual interaction between Drb1 and TDP-43 in an in vitro cellular model that forms cytoplasmic TDP-43 aggregates. We found that mutations in Drb1 nuclearcytoplasmic trafficking elements tended to induce TDP-43-positive cytoplasmic aggregates. Furthermore, only cells with cytoplasmic Drb1 aggregates, but not cells just presenting cytoplasmic mislocalized Drb1, presented with a decreased mitochondrial membrane potential, implying mitochondrial dysfunction. From The Clover-tagged Drb1 construct (WT or mtLL/R470G mutant) was transfected with the TDP-43 expression construct in HeLa cells, and IP was performed with an anti-GFP antibody (for the Clover tag). The expression level of TDP-43 protein increased ϳ1.8-fold by overexpression (supplemental Fig. S3A ). TDP-43 was co-immunoprecipitated with Clover-Drb1 WT and mtLL/R470G but not with Clover. IB, immunoblot. HC, immunoglobulin heavy chain.
these results, it is likely that the novel cytotoxic mechanism triggered by the perturbation of Drb1 subcellular localization system contributes to ALS/FTLD pathology.
We recapitulated the co-localization of Drb1, which predominantly localizes to the nucleus, into TDP-43-induced cytoplasmic aggregates in an in vitro culture cell model. Coimmunoprecipitation experiments using nuclease-treated lysates (Fig. 1C) suggest the physical interaction between wildtype Drb1 and mutant TDP-43. Additionally, GST pulldown analysis (Fig. 1D ) confirms a direct interaction between Drb1 and TDP-43. Very recently, Li et al. (39) reported that Drb1 interacted with TDP-43 indirectly via RNA. Although there are discrepancies between our results and theirs, the direct or indirect binding of Drb1 to TDP-43 aggregates in the cytoplasm of ALS-affected neural cells seems to surpass the nuclear import of cytoplasmic Drb1. Conversely, we also demonstrated that wild-type TDP-43 can be recruited to mutant Drb1 (mtLL/ R470G)-induced cytoplasmic aggregates in HeLa cells. Although whether Drb1-induced aggregates have similar features as aggregates observed in affected neurons from patients with ALS/ FTLD remains to be determined, this result allows us to highlight the importance of the interaction between Drb1 and TDP-43 in cytoplasmic aggregates for cell toxicity despite the different origin of the aggregates. Simultaneously, we speculate that there is a potential dominant role of Drb1 in ALS/FTLD disease pathology. To date, no mutation related to ALS/FTLD in the DRB1 gene has been reported. Further genetic studies focusing on the DRB1 gene in patients with ALS/FTLD are warranted to understand the molecular mechanism underlying ALS/FTLD pathogenesis.
We demonstrated that Drb1, which predominantly localized to the nucleus, is a nuclear-cytoplasmic shuttling protein in both neuronal and non-neuronal cells. This suggests that Drb1 is involved in RNA metabolism, which occurs both in the nucleus and cytoplasm in normal conditions. Other ALS-linked RNAbinding proteins such as TDP-43 (11) , FUS/TLS (32) , and hnRNP A1 (29) also shuttle in both cellular compartments under normal conditions. Thus, nuclear-cytoplasmic trafficking may be a common feature among ALS-linked RNA-binding proteins.
Conserved basic residues at the C terminus (amino acids 469 -472, KRQR) of Drb1 function as a monopartite-type NLS, whereas a double leucine in the linker region functions as an NES. Li et al. (39) also reported that Drb1 has a bipartite-type NLS that includes the upstream basic amino acids (454 -472) in addition to the NLS region identified in this report (see Fig. 2C for clusters 1 and 2). However, we concluded that the cluster 1 of Drb1 is not required for nuclear localization because the substitution of basic residues in cluster 2 (Lys-469, Arg-470, and Arg-472) to alanine resulted in exclusive cytoplasmic localization of the Drb1 mutant in our experiment. This result suggests that the cluster 1 does not contribute to nuclear transport. ALS-linked RNAbinding proteins such as TDP-43, FUS/TLS, and hnRNP A1 contain distinct NLSs. TDP-43 contains a classical bipartite-type NLS that is composed of two separate clusters of basic amino acids residues (14) . FUS/TLS contains a non-classical NLS, known as PY-NLS, that consists of overall basic characteristics and a central hydrophobic or basic motif followed by a C-terminal R/H/KX (2) (3) (4) (5) PY (where X is any residues) consensus sequence in the C terminus of FUS/TLS (40) . HnRNP A1 contains a 38-residues signal near its C terminus, termed M9 (28).
Drb1 does not contain a classical NES, a leucine-rich stretch of hydrophobic amino acids (41) . Instead, the double leucine motif in the linker region participates in nuclear export. This two-tandem hydrophobic residue is highly conserved among the known vertebrate Drb1 homologue as LL or LI. FUS/TLS contains a classical leucine-rich NES (42) . TDP-43 also contains a relatively variable leucine-rich NES sequence (14) . They are both sensitive to leptomycin B, an inhibitor of CRM1, which is a receptor of classical NES. The M9 motif of hnRNP A1 functions as an NES in addition to the NLS but is independent of CRM1 (28) . The Drb1NES presents little similarity with classical leucine-rich NESs or the M9 sequence, suggesting that it is a novel NES sequence. Taken together, these ALS-linked proteins, including Drb1, are nuclear-cytoplasmic shuttling proteins, but their trafficking machineries, such as NLSs and NESs or its receptors, seem to be variable. The fact that only Drb1 mutated in both NLS and NES forms cytoplasmic aggregates under normal conditions is unexpected. The Drb1 NLS mutant showed cytoplasmic localization but did not form aggregates. This suggests that Drb1 cytoplasmic mislocalization is necessary but insufficient for the formation of cytoplasmic inclusion bodies. On the other hand, the Drb1 NES mutant localized to the nucleus similar to the wildtype because of the NLS but did not induce remarkable aggregates in the nucleus. However, a double NLS and NES Drb1 mutant formed Drb1 cytoplasmic aggregates. Thus, the double leucine motif of Drb1 seems to be a region in the cytoplasm sensitive to protein folding, and the disruption of the motif elicits protein misfolding, a possible key mechanism for the occurrence of cytoplasmic aggregates observed in ALS/FTLDaffected neurons (43) . Unlike other ALS-linked RNA-binding proteins, Drb1 does not contain prion-like domains, which can accelerate aggregation with amyloid-like formation (44) . Alternatively, it has been proposed that Drb1 contains a homo-oligomer assembly domain, which is crucial for Drb1 self-association (39) . The homo-oligomer assembly domain locates 12 amino acids upstream of the double leucine motif. Therefore, Drb1 misfolding elicited by NES disruption may facilitate selfaggregation via the homo-oligomer assembly domain. Interestingly, Drb1 mutant (mtLL/R470G)-inducing cytoplasmic aggregates decreased the mitochondrial membrane potential, whereas cytoplasmic mislocalization of the Drb1 mutant (R470G) did not affect the mitochondrial membrane potential. Mitochondria play pivotal roles in a number of cellular processes, including energy production, Ca 2ϩ homeostasis, and lipid metabolism. Mitochondria are also the main source of reactive oxygen species and function as the initiation site of the intrinsic apoptotic cascade. Therefore, damages to mitochondrial function can lead to bioenergetic failure, oxidative stress, or apoptosis. There is abundant evidence of mitochondrial dysfunction in ALS (45) . Because the decrease of mitochondrial membrane potential precedes mitochondrial dysfunction, our cellular model suggests that the emergence of cytoplasmic Drb1 aggregates causes mitochondrial dysfunction. Thus, further studies are needed to examine how the Drb1 mutant leads to mitochondrial dysfunction.
In conclusion, we demonstrated that Drb1 is a nuclear-cytoplasmic shuttling protein. We also verified the interaction between Drb1 and TDP-43 in both cellular models of TDP-43derived and Drb1-derived cytoplasmic aggregates. The emergence of Drb1-induced cytoplasmic aggregates can decrease the mitochondrial membrane potential in cells. These results provide insights into the common concept of RNA-binding proteins involved in neurodegenerative diseases.
